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FLIGHT INVESTIGATION OF THE EFFECT O F  

DISTRI3UTED ROUGHNESS ON SKIN DRAG OF 

A FULL-SCAIX AIRPLANE 

By Edwin J. Saltzman 

The change i n  drag caused by the  addi t ion  of two s izes  of d i s t r i b -  
uted sand-type roughness t o  t h e  wings and t a i l  surfaces  of a delta-wing 
a i rp lane  has been measured a t  Mach numbers near 0.8 and 1.1. 

The l a r g e s t  roughniss, 0.006-inch mean e f f ec t ive  diameter, caused 
an increase of about 0.3050 i n  ove ra l l  a i rp lane  drag coef f ic ien t  a t  a 
Mach number of 0.8 and about 0.0023 a t  a Mach number of 1.1. These 
values represent an increase i n  drag force of about 1,000 pounds at  
free-stream Reynolds nunberr; of t he  order of 45 t o  60 mi l l ion  f o r  dynamic 
pressures betveen 550 and 650 pounds per square foot ,  which i s . e q u a l  t o  
about 1 pound of added Irag f o r  each square foot  of roughened area. 
Calculated skin drag coz f f i c i en t s  based upon t h e  increase i n  d r a g  caused 
by the  l a rges t  roughness .agree reasonably w e l l  w i t h  the increase pre- 
d i c t ed  by the  low-speed drag l a w  f o r  a rough p l a t e  f o r  turbulent-flow 
conditions.  

The increase i n  d r s g  caused by the  addi t ion of t h e  smallest rough- 
ness,  0.002-inch mean e f f e c t i v e  diameter, was less than half  t h e  increase 
predicted by the  low-spzed drag l a w  f o r  a rough p la t e .  
f o r  turbulent-flow conditions and chord Reynolds numbers of t h e  order of 
50 t o  60 mill ion,  surfaces can be much rougher than conventional painted 
surfaces  o r  conventional a l loy  sheet m e t a l  without causing a s ign i f i can t  
increase i n  a i rplane drag. 

T h i s  ind ica tes  that, 

INTRODUCTION 

Recently, great  eEphas:is has been placed on research i n  t h e  f i e l d  
of boundary layer ,  espec ia l ly  the sk in- f r ic t ion  and heat- t ransfer  aspects  
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of the subjec t ,  In response t o  requests  f o r  f u l l - s c a l e  f l i g h t  skin- 
f r i c t i o n  and boundary-layer t r a n s i t i o n  data,  t he  NASA High-speed F l igh t  
S ta t ion  a t  Edwards,  Calif. has conducted two concurrent s tud ies  of a 
preliminary nature.  One study inves t iga tes  the extent  of laminar run 
which can be achieved over a ca re fu l ly  maintained polished wing and a 
wing w i t h  a p r a c t i c a l  surface f i n i s h  a t  Mach numbers up t o  approximately 
2.0 (ref. 1). The second study, Which i s  the  subject  of t h i s  paper, 
presents  the  change i n  drag on a delta-wing in te rceptor  a i rp lane  caused 
by the addi t ion of d i s t r ibu ted  sand-type roughness. An attempt is  made 
t o  ex t r ac t  t he  n e t  drag due t o  the roughness and t o  ca lcu la te  a skin drag 
coef f ic ien t  f o r  the  roughened surface,  

Drag da ta  a re  presented f o r  th ree  surface-roughness conditions a t  
Mach numbers near 0.8 and 1.1. The a l t i t u d e  range was varied t o  provide 
an ove ra l l  range i n  free-stream Reynolds number from about 2 mi l l ion  per  
foot  t o  over 4 mil l ion  per foot .  Ful l -scale  f l i g h t  r e s u l t s  a r e  compared 
w i t h  wind-tunnel data and w i t h  the  low-speed drag l a w  f o r  a rough plate 
i n  tu rbulen t  flow. 
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SYMBOLS 

tes t - sur face  area o r  roughened area, A,, + 45, sq f t  

tes t - sur face  area of v e r t i c a l  ta i l ,  157 sq ft 

tes t - sur face  area of wings, 1,023 sq f t  

longi tudina l  accelerat ion,  g u n i t s  

normal accelerat ion,  g un i t s  

drag coe f f i c i en t  , D/qS 

sk in  drag coe f f i c i en t ,  Ds/qA 

increase i n  skin drag coe f f i c i en t  due t o  roughness f o r  turbu- 

‘frough cf smooth 
l e n t  flow, 

l i f t  coef f ic ien t ,  L/qS 

drag force along f l i g h t  path, lb 
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skin drag fclrce along f l i g h t  path f o r  t h e  t es t  surface, l b  

j e t  t h r u s t ,  l b  

ram drag, 111 

g r a v i t a t  ionril accelerat ion,  f t / sec2  

pressure al'iitude, f t  

mean ef fec t ive  roughness diameter o r  height,  in .  

l i f t  force  :lorma1 t o  f l ight path, l b  

mean tes t  diord length, i- 14.1  f t  
4 3  + 45 

mean chord 2 f  t e s t  surface, v e r t i c a l  ta i l ,  
Length of inboard chord + Length of outboard chord, 9.7 f t  

mean chord of tes t  surface, wings, 

2 
Length of inboard chord + Length of outboard chord, 14.8 f t  

Mach number 

free-strean s t a t i c  pressure, lb/sq f t  

dynamic pressure, 0.7b?po, lb/sq f t  

free-stream Reynolds 

free-streani Reynolds 

wing area,  sq f t  

t r u e  airspt?ed, f t / s e c  

a i rp lane  Weight, l b  

angle of a;tack, deg 

number, e 
CI 

number per f t  

.. 
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w absolute viscosi ty ,  lb-sec/sq f t  

P air density,  slugs/cu f t  

Subscript : 

min minhum 

AIRPLANE 

The a i rp lane  used i n  the  subject t e s t s  i s  a 60° delta-wing i n t e r -  
The air-  ceptor powered by a s ingle  turboje t  engine wi th  afterburner.  

plane does not have a horizontal  ta i l ,  but u t i l i z e s  elevons a t  t h e  wing 
t r a i l i n g  edges f o r  longi tudinal  control.  

Detailed physical  c h a r a c t e r i s t i c s  of the a i rp lane  are presented i n  
t a b l e  I. Photographs a r e  shown i n  f igure  1 and a three-view drawing i n  
f igure  2. 

INSTRUMENTATION 

The airplane car r ied  standard NASA instruments f o r  measuring quan- 
t i t i e s  per t inent  t o  t h e  determination of l i f t  and drag. 

Free-stream t o t a l  and s t a t i c  pressures were obtained from locat ions 

Angle of a t t a c k  was measured by a vane 
79 inches and 71 inches, respectively,  ahead of t h e  in te rsec t ion  of t h e  
airplane nose.and the  nose boom. 
located 52 inches forward of t h i s  in te rsec t ion .  

Total  temperature, used t o  calculate  t r u e  airspeed, was measured by 
a shielded resistance-type probe located beneath the fuselage.  
and s t a t i c  pressure a t  t h e  compressor face, used i n  calculat ing ram drag, 
were obtained by 30 probes ( 5  probes on each of 6 r a d i a l  rakes) located 
immediately ahead of the compressor face, together  with s ix  f lush  s t a t i c  
o r i f i c e s  located a t  t h e  total-pressure survey s t a t i o n s .  Tailpipe e x i t  
t o t a l  pressure was obtained by an air-cooled probe located near t h e  noz- 
z l e  e x i t  plane of the  af terburner .  

Total  

ACCURACY 

Calculations t o  determine the t h e o r e t i c a l  upwash at the  angle-of- 
attack-vane loca t ion  indicate  a maximum value f o r  upwash of about 0.16' 

H 
1 
1 
2 
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at  M = 0.8 
than any included i n  t h e  subject  t e s t s ) .  

speeds, of course, upwash is  theo re t i ca l ly  zero. The e f f e c t s  of i n e r t i a  
loads upon t h e  boom and 0:‘ pi tch ing  ve loc i ty  have been accounted f o r .  
Based upon these  conditions,  and spec ia l  tests which were performed on 
a s i m i l a r  airplane-angle-of-attack system (ref. 2 ) ,  it i s  believed t h a t  
angle of a t t a c k  i s  accura;e t o  within +O.2!jo f o r  l i f t  coe f f i c i en t s  up 
t o  0.2. 

at an a l t i t u d e  of 40,000 feet (a more adverse condition 
Adjustments were not m a d e  t o  

4 t h e  data t o  account f o r  these s m a l l  values of upwash. For supersonic 

The remaining ins t runenta t ion  and techniques are similar t o  those 
used i n  reference 2, except that ,  f o r  t h e  present tests, t he  l i n e a r  
accelerometer da ta  are adJusted f o r  t he  e f f e c t s  of p i tch ing  ve loc i ty  
and p i tch ing  acce lera t ion  caused by displacement of t he  accelerometers 
from the a i rp lane  center  of gravi ty .  

On t h e  b a s i s  of t h e  experience r e l a t ed  i n  reference 2 and the  added 
refinements noted, it i s  :oncluded that t h e  r epea tab i l i t y  of unfaired 
data i s  within +O.OOO5 a t  f o r  a spec i f i c  Mach number-altitude 

combination. Examination of the  basic  da ta  ind ica tes  that values of 
based upon f a i r i n g ;  are consis tent  t o  within +O.OOO3 f o r  a prop- 

‘%in 
erly executed maneuver. Xence, t h e  maximum e r r o r  i n  calculated Cf i s  
within +0.0002, and these  limits may be reduced somewhat where repeated 
tes t  runs are made a t  spec i f ic  test conditions ( the  number of test  runs 
f o r  each tes t  condition i s  shown i n  t ab le  11). 
limits account f o r  calculated coe f f i c i en t s  which are consis tent  within 
themselves and which are 2onsi.dered r e l i a b l e .  When comparing these da ta  
w i t h  theory, however, a possible  l imi t a t ion  i s  the  accuracy of t he  value 
k, e f f e c t i v e  roughness height.  It i s  not known t o  w h a t  extent  th i s  
l imi t a t ion  a f f e c t s  t he  coinpari.sons shown. 

C Q ~ ~  

These favorable e r r o r  

PROCEDURES 

Method of  Calculating Thrust and Drag 

The accelerometer method was used t o  determine l i f t  and drag. This 
method employs the following equations, which are appl icable  i f  the 
t h r u s t  axis i s  p a r a l l e l  t 2  t h e  a i rp lane  longi tudinal  axis: 

a 
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Production f i n i s h  Water paint  

not polished) 220 g r i t  
Configuration (painted,  but impregnated with 

Roughness o r  Root mean square 0.0025 in .  
mean p a r t i c l e  reading 5 t o  ( approx. 1 
d i m e  ter  50 microinches 

Mean e f f ec t ive  0.002 in .  
p a r t i c l e  ( approx. ) 
diameter, k 

The single-probe method was used t o  obtain t a i l p i p e  t o t a l  pressure,  
used i n  computing 
mining Fr.  
are ava i lab le  i n  reference 3.  

Fj ,  and the  inlet-duct  method was employed i n  de te r -  
Details regarding these methods of measuring drag and t h r u s t  

Water paint  
impregnated with 

80 g r i t  

0.0075 in .  
( approx 1 

0.006 in .  
( aPProx 1 t 

Fl igh t  -Test Conditions 

The e f f e c t s  of t h e  d i s t r ibu ted  roughness were s tudied at Mach num- 
bers  of about 0.8 and 1.1, inasmuch as at  these values the  change i n  a i r -  
plane drag coef f ic ien t  with Mach number i s  e s s e n t i a l l y  zero a t  t h e  l i f t  
conditions of t he  t e s t s .  The a l t i t u d e  range f o r  both the  subsonic and 
supersonic tests was var ied t o  provide a nominal var ia t ion  i n  Reynolds 
number. 
r e f e r  t o  free-stream values.)  
2 million per f o o t  t o  a l i t t l e  above 4 million per foot  fo r  both sub- 
sonic and supersonic tests. Reynolds number f o r  t h e  tes t  surfaces  
reached values of about 60.6 mill ion,  based on the mean tes t  chord 
length 2 of 14.1 feet. This length was considered t o  be more appl i -  
cable than the  mean aerodynamic chord t o  an ana lys i s  of skin drag. 

(Henceforth, i n  t h i s  repor t  any mention of Reynolds number W i l l  
The Reynolds number ranged between about 

The tes t  maneuvers consisted of a push-down t o  near-zero l i f t ,  f o l -  
lowed by a recovery. 
with respect  t o  the  X-Z plane as possible  and Were executed as smoothly 
and uniformly as possible.  Records were taken continuously throughout 
t he  maneuver t o  de tec t  e f f e c t s  which might ind ica te  a changing drag con- 
t r i b u t i o n  of t he  longi tudina l  cont ro l  surfaces .  It was found t h a t  t h e  
drag-coefficient values f o r  decreasing and increasing cont ro l  def lec t ion ,  
o r  angle of a t tack ,  were indis t inguishable;  hence the  e f f e c t  of longi-  
tud ina l  cont ro l  upon r e p e a t a b i l i t y  was negl ig ib le  f o r  a given l i f t  con- 
d i t i o n ,  
29 percent of t he  mean aerodynamic chord f o r  a l l  t e s t  maneuvers. 

These maneuvers were made as near ly  symmetrical 

Center of grav i ty  was maintained within t h e  limits of 28 and 

Surf ace -Roughness Details 

The bas ic  surface conditions tested are given i n  t h e  following 
table : 
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According t o  reference 4, t he  mean e f f ec t ive  diameter of a sand p a r t i c l e  
when bound t o  the  t e s t  surface by pa in t  i s  between 0.75 and 0.80 of t he  
ac tua l  mean diameter. 

The d i s t r ibu ted  sand-type roughness was placed on t h e  upper and 
lower surfaces  of both wings and on both sides of t he  v e r t i c a l  t a i l .  
This provided a roughened skin area ( t e s t  surface)  of about 1,180 square 
f e e t ,  which cons t i tu ted  about 54 percent of t h e  t o t a l  a i rp lane  sk in  area. 

The 220-grit  roughness was d i s t r ibu ted  on the  t es t  surface by mixing 
t h e  g r i t  wi th water paint  and spraying with a conventional spray gun. 
g r i t  and pa in t  were constant ly  ag i t a t ed  within the  pa in t  container by a 
motor-driven paddle. Typical d i s t r ibu t ion  of t h i s  roughness is  shown i n  
f igu re  3 .  

The 

The 80 g r i t  was too  coarse t o  spray through t h e  ava i lab le  spray 
guns, so water pa in t  was sprayed over an area of approximately 6 square 
f e e t ,  and a sandblast  gur loaded with the  80 g r i t  was used t o  apply a 
l aye r  of g r i t  onto t h e  w e t  pa in t .  This method was repeated u n t i l  t he  
e n t i r e  t e s t  a r ea  was covered. This technique provided a roughness of 
acceptable uniformity (see f i g .  4 ) .  

To a sce r t a in  i f  t h e  production f i n i s h  was experiencing a f u l l y  
turbulent  boundary layer ,  a t r a n s i t i o n  s t r i p  composed of 80 g r i t  dis-  
t r i b u t e d  i n  a band 1 inck wide ( f i g .  5 )  was placed near t h e  leading edge 
of a l l  t h e  t es t  surfaces .  
f l i g h t  r e s u l t s  obtained E . t  t h e  High-speed Fl ight  S ta t ion  and on the  
f indings of reference 5 .  The remaining area of t he  tes t  surfaces was 
i n  the  production-finish condition ( f i g .  6 ) .  Several  maneuvers were 
flown under these  conditlons,  and t h e  drag coe f f i c i en t s  were compared 
w i t h  those f o r  the production f i n i s h  w i t h  na tu ra l  t r a n s i t i o n .  A s  is  
shown i n  t h e  following sect ion,  these preliminary tests have establ ished 
t h a t  t h e  production-finish surface experienced turbulent  flow over essen- 
t i a l l y  t h e  e n t i r e  area f o r  t h e  na tura l - t rans i t ion  condition f o r  Reynolds 
numbers down t o  the  t e s t  limits of 3.2  mil l ion  per foot  f o r  t he  subsonic 
tes ts  and 3.7 mil l ion  pe:: foo t  f o r  t he  supersonic tests.  
t h i s  Reynolds number rarqe each of t he  three  test  surfaces (see preceding 
t a b l e )  experiences turbuLent flow. 
f l i g h t  conditions f o r  t he  various tes t  surfaces.  

The choice of 80 g r i t  was based on unpublished 

Hence, f o r  

Figure 7 gives a summary of t h e  

RESULTS 

0rera l . l  Drag Measurements 

Presentat ion.-  Overall  drag coef f ic ien t  as a function of l i f t  f o r  
each tes t  condition i s  p:?esented i n  f igures  8 t o  11. The drag coe f f i c i en t  
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CD 
projected area within the  fuselage.  
the production f i n i s h  with natural t r a n s i t i o n .  
drag coef f ic ien t  i s  reduced s igni f icant ly  by decreasing Reynolds number 
( increasing a l t i t u d e )  f o r  t h e  supersonic tests. The possible increase 
of skin a rea  experiencing laminar flow a t  reduced Reynolds numbers can 
account for only a p a r t  of t h i s  decrease i n  drag. It i s  believed that 
much of t h i s  apparent drag-coefficient reduction i s  caused by var ia t ions  
i n  base drag and calculated je t  t h r u s t ,  which are affected by a l t i t u d e  
and have not been accounted f o r .  This, however, does not a f f e c t  t h e  con- 
clusions of t h i s  paper, which a r e  based upon drag increments f o r  d i f f e r e n t  
roughness values a t  a f ixed  a l t i t u d e  and proved turbulent-flow conditions.  

i s  based on a t o t a l  wing area of 695 square f e e t ,  Which includes the  
Figure 8 presents these da ta  f o r  

The measured minimum 

Butt j o i n t s  and protruding r i v e t  heads near t h e  leading edges should 
insure turbulent-flow conditions f o r  the  production f i n i s h  at  the  highest  
Reynolds numbers. However, it w a s  considered desirable t o  v e r i f y  t h i s  
b e l i e f  by measuring t h e  overa l l  drag under known turbulent  conditions.  
For t h i s  reason a comparison was made ( f i g .  9) between drag f o r  the  pro- 
duction f i n i s h  with na tura l  and forced t r a n s i t i o n .  
f o r  descr ipt ion of t r ipp ing  device.) 
shows t h a t  within the  accuracy of the measurements t h e  production f i n i s h  
with na tura l  t r a n s i t i o n  experiences turbulent  flow over e s s e n t i a l l y  t h e  
e n t i r e  t e s t  area a t  Reynolds numbers down t o  the  t es t  l i m i t s  of  3.2 mil l ion 
per foot  f o r  the  subsonic t e s t s  and 3.7 mil l ion per  foot  f o r  t h e  supersonic 
t e s t s .  

(See preceding sect ion 
A s  would be expected, f i g u r e  9 

, 

Figures 10 and 11 show overa l l  drag coef f ic ien t  as a function of 
l i f t  f o r  the  wing and t a i l  surfaces covered with 220 g r i t  and 80 grit, 
respect ively.  Figure 12 presents selected examples of o v e r a l l  drag 
coef f ic ien t  f o r  a l l  of the  t e s t  surfaces.  All of the  bas ic  da ta  presented 
thus f a r  are summarized b r i e f l y  i n  t a b l e  I1 i n  which t h e  mean values of 
drag coef f ic ien t  near minimum drag a r e  compared f o r  t h e  various surface 
conditions. 

Discussion.- As can be seen i n  t a b l e  11, the  increase i n  drag coef- 
f i c i e n t  caused by the  addition of the 2X)-grit roughness i s  of t h e  order 
of 0.0005 at  the  two highest  t e s t  Reynolds numbers where turbulent  flow 
i s  known t o  e x i s t .  The drag-force increase i s  about 200 pounds a t  these 
Reynolds numbers, or about 0.2 pound per square foot  of roughened area.  

A t  the lower Reynolds numbers, 3.2 mil l ion per f o o t  and below, 
there  i s ,  seemingly, an increase i n  drag coef f ic ien t  of about 0.0012 
caused by the  2X)-grit roughness. These r e s u l t s  a r e  inconclusive, 
however, because it cannot be ascertiained t h a t  the  production-finish 
data represent turbulent flow. In  f a c t ,  it i s  r a t h e r  obvious t h a t  
appreciable laminar flow was experienced a t  these conditions. A mean 
length of laminar run of the  order of 1.5 t o  2 f e e t  on the  production 
f i n i s h  would account f o r  the disagreement between the r e s u l t s  of t h e  
two highest  t e s t  Reynolds numbers and the  two lower Reynolds numbers. 
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The drag-coefficient increase caused by the  addi t ion of t h e  &-gr i t  
roughness i s  much more s igni f icant ,  amounting t o  about 0.0030 f o r  the 
subsonic t e s t s  and about 0.0023 at  M = 1.1. Interpreted i n  terms of 
drag force,  t h i s  increase amounts t o  about 1,000 pounds f o r  dynamic- 
pressure values between 550 and 650 pounds per square foot ,  or approxi- 
n a t e l y  1 pound of added drag f o r  each square foot  of roughened area. 

Skin Drag Coefficient 

I f  i t  i s  assumed t h a t  the  skin f r i c t i o n  of the  t e s t  surface f o r  t h e  
production f i n i s h  i s  equal t o  the f r i c t i o n  drag of a smooth f l a t  p l a t e  
f o r  equivalent area and flow conditions, the  increment of drag increase 
due t o  the roughness can be used t o  calculate  the  e f fec t ive  skin drag 
coef f ic ien t  o f  the  roughened surface.  This calculat ion has been made 
by using the t h e o r e t i c a l  curves obtained by t h e  extended Frankl-Voishel 
method ( r e f .  6) t o  estimate the  turbulent-flow sk in- f r ic t ion  coef f ic ien t  
f o r  the  production f i n i s h  at the  t e s t  conditions. The r e s u l t i n g  calcu- 
l a t e d  skin drag coef f ic ien ts  a re  shown i n  t a b l e  111, i n  which they are  
compared with terminal skiu drag coef f ic ien ts  obtained from expressions 
given i n  references 7 and 8. 
f o r  turbulent flow on rough surfaces when the  coef f ic ien t  remains con- 
s t a n t  with increasing Reynolds number, varying only with roughness 
height . )  Table I11 i rdica5es t h a t  terminal values of skin drag coef f i -  
c i e n t  were approached f o r  :he 80-grit  roughness, but t h a t  f o r  the 220- 
g r i t  f i n i s h  the values a r e  only about 10 t o  15 percent higher than what 
would be expected f o r  a smooth surface, production f i n i s h .  

(Terminal skin drag coef f ic ien t  i s  reached 

A comparison of the measured increase i n  skin drag coef f ic ien t  
caused by roughness with the increase predicted by the  low-speed drag 
l a w  f o r  a rough p l a t e  ( r e f .  7) i s  shown i n  f igure  13. The 80-grit  
(k/2 = 5.4 x 10-5) r e s u l t s  f o r  M = 0.8 approach the  values predicted 
f o r  a similar roughness height-chord length r a t i o ;  however, the  measured 
r e s u l t s  f o r  M = 1.1 f a l l  s ign i f icant ly  lower than t h e  values f o r  
M = 0.8. This trend of decreasing skin drag coef f ic ien t  with increasing 
Mach number agrees with the  findings of reference 9 and the  t h e o r e t i c a l  
methods discussed i n  reference 6; however, the  magnitude of the  skin 
drag-coefficient decrease f o r  the present t e s t s  i s  grea te r  than i s  indi-  
cated by these references.  

The measured skin drag-coefficient increase caused by the  addi t ion 
of the 220 g r i t  (k/2 = 1.1 x 
increase predicted by the  low-speed drag l a w  f o r  a rough p l a t e  under 
turbulent-flow conditions. It i s  important t o  r e a l i z e  t h a t  the  220-gri.t 
f i n i s h  i s  much rougher than a conventional painted surface, even much 
rougher than camouflage pa in t .  Therefore, the present r e s u l t s  indicate  
t h a t  f o r  chord Reynolds numbers of the  order of 50 t o  60 mill ion,  sur- 
faces  f o r  turbulent-flow conditions can be much rougher than conventional 
painted surfaces o r  conver-tionsl a l l o y  sheet metal without causing a 
s i g n i f i c s n t  incresse i n  a i rplane drag. 

f i g .  13) i s  l e s s  than half  t h e  
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CONCLUSIONS 

The addi t ion of two s i z e s  of d i s t r ibu ted  sand-type roughness t o  t h e  
wings and t a i l  surfaces of  a delta-wing airplane provided t h e  following 
r e s u l t s  : 

1. The l a r g e s t  roughness, 0.006-inch mean ef fec t ive  diameter, caused 
an increase of about 0.0030 i n  overa l l  a i rplane drag coeff ic ient  a t  a 
Mach number of 0.8 and about 0.0023 a t  a Mach number of 1.1. 
values represent an increase i n  drag force of about 1,000 pounds a t  free- 
stream Reynolds numbers of t h e  order of 45 t o  60 mill ion f o r  dynamic 
pressures between 550 and 650 pounds per square foot ,  which i s  equal t o  
about 1 pound of added drag f o r  each square foot  of roughened area.  

These 

2. The increase i n  drag caused by the l a r g e s t  roughness resu l ted  
i n  calculated skin drag coef f ic ien ts  which agree reasonably w e l l  w i t h  
the  increase predicted by t h e  10%-speed ?rag l a w  f o r  a rough p l a t e  f o r  
turbulent-flow conditions. 

3. The increase i n  drag caused by the addi t ion of t h e  smallest 
roughness, 0,002-inch mean e f f e c t i v e  diameter, was less than half  the  
increase predicted by t h e  low-speed drag l a w  f o r  a rough p l a t e .  T h i s  
ind ica tes  t h a t  f o r  turbulent-flow conditions and f o r  chord Reynolds 
numbers of t h e  order of 50 t o  60 mill ion,  surfaces can be much rougher 
than conventional painted surfaces o r  conventional a l l o y  sheet metal 
without causing a s igni f icant  increase i n  a i rplane drag. 

I 

High-speed Fl ight  Station, 
National Aeronautics and Space Administration, 

Edwards, Cal i f . ,  March 17, 1959. 
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TABU I.- TABLE OF PHYSICAL CHARACTERISTICS 

Wing : 
Airfoi l  section . . . . . . . . . . . . . . .  NACA 0004-65 (Modified) 
T o t a l  area, sq f t  . . . . . . . . . . . . . . . . . . . . . .  695.05 
Span (actual) ,  f t  . . . . . . . . . . . . . . . . . . . . . .  38.17 
Mean aerodynamic chord, f t  . . . . . . . . . . . . . . . . .  23.76 
Root chord, f t  . . . . . . . . . . . . . . . . . . . . . . .  35.63 
Tip chord, f t  . . . . . . . . . . . . . . . . . . . . . . . .  0.81 
Taper r a t i o  . . . . . . . . . . . . . . . . . . . . . . . . .  0 .O23 
Aspect r a t i o  . . . . . . . . . . . . . . . . . . . . . . . .  2.08 
Sweep a t  leading edge, deg . . . . . . . . . . . . . . . . .  60.1 
Sweep a t  t r a i l i n g  edge, deg . . . . . . . . . . . . . . . . .  -5 . . . . . . . . . . . . . . . . . . . . . . .  0 
Dihedral, deg . . . . . . . . . . . . . . . . . . . . . . . .  0 
Conical camber (leading edge), percent local  semispan . . . .  6.3 
Geometric twist, deg . . . . . . . . . . . . . . . . . . . .  0 
Inboard fence, percent semispE1 . . . . . . . . . . . . . . . .  37 
Outboard fence, percent semispan . . . . . . . . . . . . . .  67 
Tip reflex,  deg . . . . . . . . . . . . . . . . . . . . . . .  6 
Maximum thickness: 

Root, percent chord . . . . . . . . . . . . . . . . . . . .  3.9 
Outboard edge of elevon, percent chord . . . . . . . . . .  3-5 

35 

Incidence, deg 

Approxhate t e s t  wing loading, lb/sq f t  . . . . . . . . . . .  
Elevons : 

Area ( to t a l ,  rearward of hinge l ine) ,  sq f t  . . . . . . . . .  
Span (one elevon), f t  . . . . . . . . . . . . . . . . . . . .  67.2 

12.89 

Vertical  ta i l :  
Airfoi l  section . . . . . . . . . . . . . . .  NACA 0004-65 (Modified) 
Area (above waterline 33), sq f t  . . . . . . . . . . . . . .  95.1 

Sweepback of leading edge, deg . . . . . . . . . . . . . . .  52.5 
Sweepback of t r a i l i n g  edge, deg . . . . . . . . . . . . . . .  
Aspect r a t i o  . . . . . . . . . . . . . . . . . . . . . . . .  1.4  

0 

Fuselage : 
Length , f t  . . . . . . . . . . . . . . . . . . . . . . . . .  63.3 
Maximum diameter, f t  . . . . . . . . . . . . . . . . . . . .  695 

Equivalent-body fineness r a t i o  . . . . . . .  . . . . . . .  9.1 
Total i n l e t  capture area, sq f t  . . . . . . . . . . . . . . .  4.6 

Power plant: 
Installed s t a t i c  thrust  at  sea level, l b  . . . . . . . . . .  8,800 

l b  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  13,200 
Installed s t a t i c  thrust  at  sea level  (with afterburner), 

, 

T e s t  center-of-gravity location, percent mem aerodynamic 
c h o r d . .  . . . . . . . . . . . . . . . . . . . . . . . . .  2 8 t o 2 9  
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Figure 1.- General photographs of the test  airplane. E-3310 
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-F n 

(ac tua l )  

Figure 2.- Three-view drawing of test airplane. All dimensions in 
inches. 
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Figure 7.- Sumaary of test conditions showing approximate values of 
Reynolds number obtained for the various t e s t  surfaces. 
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